In this account, we provide an overview of synthetic methods for accessing fluoroalkylated compounds via electrophilic fluoroalkylation, especially of alkenes, focusing mainly on our own studies directed towards the discovery of drugs and agrochemicals. First, we describe trifluoromethylations with Togni reagent 1 in the presence of catalysts or electrondonating additives, providing access to a wide range of fluoroalkylated molecules. We then cover fluoroalkylations using fluorinated acid anhydrides. We recently showed that these acid anhydrides enable alkene fluoroalkylation via the in-situ formation of diacyl peroxide, with or without the aid of copper catalysts, affording various fluoroalkyl group-containing molecules in a practical manner. We also present some examples of structural diversification of the products, illustrating their synthetic utility as building blocks, which could be widely applicable, for example, in the construction of fluoroalkylated compound libraries.
Introduction
Incorporation of fluoroalkyl groups into bioactive molecules often increases their hydrophobicity and chemical stability, which in turn may result in improvements of their absorption, distribution, metabolism, and excretion (ADME) characteristics. Thus, in recent years, many fluoroalkyl group-containing drugs and agrochemicals have been developed. 1, 2 The strong electronegativity of fluorine in fluoroalkyl groups can alter the biological activities of compounds by introducing new hydrogen bonding and dipole-dipole interactions. In addition to these unique properties, the small atomic size of fluorine means that fluoroalkyl groups can act as a bioisostere of carbonyl or ether groups. Fluorine-labeled bioactive molecules are also useful as chemical probes for 19 F NMR analysis (MRI), as well as 18 F PET imaging, which allows us to investigate their dynamic behavior both in cells and in vivo.
High-throughput screening (HTS) of compound libraries has generally been employed in order to discover novel bioactive molecules (Figure 1(a) ). 3 Most of the commercially available or public compound libraries consist of heteroatom-and aromatic ring-rich drug-like molecules and/or natural products, but molecules with fluoroalkyl group are normally limited. Conventionally, a fluoroalkyl group may subsequently be introduced during lead optimization in order to improve the pharmacokinetics. However, this approach may miss novel bioactivities that could appear as a result of the introduction of fluoroalkyl groups into non-hit compounds. To overcome this limitation, construction of specialized compound libraries of fluoroalkylated compounds is an attractive approach (Figure 1(b) ). Since only a small number of naturally occurring fluoroalkyl groupcontaining molecules are known, synthetic methods that provide a broad range of fluoroalkyl group-containing molecules are needed to enable the construction of such libraries. 4 In particular, synthetic strategies using versatile building blocks are important to achieve a high level of molecular diversity.
This account gives an overview of fluoroalkylation methods that provide access a wide variety of fluoroalkyl groupcontaining building blocks, mainly focusing on our own work in this area. 5 2. Reactions Using Togni Reagent 2.1 Aromatic Trifluoromethylation of Indoles. 5a,5b,5j,6f,6n,7,8 We initially focused on trifluoromethylated indole, because the indole skeleton is frequently found in bioactive molecules. For the synthesis of the CF 3 -containing indoles, we anticipated that direct electrophilic trifluoromethylation of indoles would be possible by using Togni reagent 1, a hypervalent iodine trifluoromethylating reagent with excellent electrophilic reactivity. 6 In contrast to cross-coupling-type trifluoromethylations of aryl halides with nucleophilic trifluoromethylating reagents such as Ruppert-Prakash reagent and trifluoromethylmetal reagents, 9 electrophilic trifluoromethylation can directly access the desired trifluoromethylated indoles without prefunctionalization of the starting indoles. Thus, we attempted reactions of 1 with indoles, but found that the desired trifluoromethylation did not proceed at all when they were simply mixed, even though indole is known to be a good carbon nucleophile. Therefore, we screened Lewis acids that might enhance the electrophilicity of Togni reagent. Based on the initial screening of transition metal catalysts, we eventually found that CuOAc could catalyze the reaction efficiently, providing the desired trifluoromethylated indoles (Scheme 1). 5a Interestingly, the trifluoromethyl group was installed selectively at the C2-position under these conditions, whereas the C3-carbon is expected to be the reactive site in polar electrophilic addition to indoles, suggesting a radical mechanism. These conditions using copper catalyst were applied to the synthesis of drug candidate molecules. 7 In the same year, Togni independently reported a C2-selective trifluoromethylation of indoles with 1 in the presence of zinc salt. 6f We later found that TMSOTf or TsOH instead of CuOAc catalyzed the reaction in appropriate solvents. 5b,5j Various conditions for the direct trifluoromethylation of indoles have so far been described. 6n,8 These reports not only enable us to access a variety of trifluoromethylated indoles, but also provide important insight into controlling the reactivity of 1.
2.2 Allylic 5c,10 and Desilylative 5c,11 Trifluoromethylations. Combinations of 1 and copper catalysts have been widely applied to electrophilic trifluoromethylations of alkenes and alkynes, greatly extending the variety of available trifluoromethylated compounds. 4 In 2011, Buchwald, 10a and Wang 10b independently developed copper-catalyzed allylic trifluoromethylations of unactivated alkenes with 1 (Scheme 2a). Our group also achieved allylic trifluoromethylation of allylsilanes with 1 in the presence of CuI as the catalyst. 5c Notably, the reaction gave trifluoroethylated E-vinylsilanes possessing several silyl motifs, which could participate in Rh-catalyzed 1,4addition, 12a and Hiyama coupling 12b (Scheme 2b). The crude mixture obtained by trifluoromethylation reaction could be employed in the Hiyama coupling with vinyl iodide in one pot, efficiently providing the corresponding diene as the coupling product.
In addition, we found that desilylative trifluoromethylation proceeded in the case of 2-substituted allylsilanes (Scheme 3), affording ¢-trifluoromethylated alkenes. Gouverneur independently reported a similar transformation with CuCl as the catalyst. 11a Notably, the newly formed double bond of the products was normally resistant to over-trifluoromethylation because of deactivation by the trifluoromethyl group. Other reactions of these alkenes, such as hydrogenation using H 2 -Pd/C, elimination reaction with NHMDS to afford difluorodiene, and epoxidation with mCPBA, proceeded without any problem (Scheme 4).
Furthermore, we found a unique transformation of the obtained epoxide with organolithium reagent, wherein reductive deoxygenation of the epoxide and alkylation at the ¡position of the trifluoromethyl group occurred simultaneously (Scheme 5). 5c,5d An allylic alcohol, prepared from the epoxide by eliminative ring-opening reaction with NHMDS, also gave the same product upon reaction with n BuLi (Scheme 5). This result suggested that the unexpected transformation of the epoxide should occur via eliminative ring fission and subsequent S N 2¤-type reaction. S N 2¤-type reactions of allylic alcohols with organolithium reagents generally require additives 13a,13b or a cyclic alkene structure 13c to proceed, but the present reaction did not. Our mechanistic studies on the reaction showed that the reaction of trifluoromethylated allylic alcohol occurs via two steps: carbolithiation and lithium oxide elimination. DFT calculation indicated that the carbolithiation step was ratedetermining, and was accelerated by the trifluoromethyl group due to chelation between the fluorine and the lithium alkoxide. In addition, formation of larger aggregates of organolithium species was found to decrease the activation energy of both steps.
2.3 Oxy-Trifluoromethylation. 5e5g,1416 Difunctionalization of alkenes can provide rapid access to important skeletons by simultaneously adding two different functional groups to the double bonds. In the course of our study of allylic trifluoromethylation of 2-(4-methoxyphenyl)allylsilanes using CuI/ MeOH, we detected an over-trifluoromethylation product of the desired trifluoromethylated styrene, bearing a methoxy group at the benzylic position (Scheme 6a). 5c This suggested that alkoxy-trifluoromethylation should be more favorable than allylic trifluoromethylation. Indeed, trifluoromethylation of simple 4-methoxystyrene afforded the oxy-trifluoromethylation product in excellent yield (Scheme 6b). 5e,5f When other alcohols, such as EtOH and i PrOH, were used instead of MeOH, the corresponding intermolecular oxy- Scheme 6. Oxy-trifluoromethylation of styrenes: (a) preliminary result (b) the reaction in alcohol solvents.
trifluoromethylation products possessing alkoxy groups were obtained as well. Sterically bulkier alcohols decreased the yield, and another oxy-trifluoromethylation product having a 2-iodobenzoate moiety, derived from 1, instead of the alkoxy group was obtained as a by-product. We considered that the product bearing 2-iodobenzoate could be a useful building block because of the labile benzoate group, and optimized the conditions for its synthesis (Scheme 7). We found that the reactions proceeded in the presence of a catalytic amount of [Cu(CH 3 CN) 4 ]PF 6 in CH 2 Cl 2 even at room temperature, affording the desired products. Szabó independently reported a similar reaction using the combination of CuI/CHCl 3 . 14a Table 1 summarizes the substrate scope of the oxy-trifluoromethylation under our conditions. A wide variety of products could be obtained, although a relatively electron-rich aromatic ring in the substrate was essential for efficient reaction. The oxy-trifluoromethylation was applicable to the reaction of dienes, where the use of CuI as the catalyst increased the selectivity, affording the 1,4-adduct in up to 93% yield (Scheme 8). 5f We were also interested in the oxy-trifluoromethylation of alkynes (Scheme 9). 5e When arylacetylenes and alkynylsilanes were employed under the oxy-trifluoromethylation conditions, the corresponding trans-trifluromethylated vinylesters could be obtained in the presence of [Cu-(CH 3 CN) 4 ]PF 6 or CuI as the catalyst. Szabó's group reported a similar transformation. They found that alkynes showed lower reactivity than alkenes in the oxy-trifluoromethylation, though the yield was increased by microwave heating. 14a Next, we examined the synthetic utility of the oxy-trifluoromethylation products. ¢-Trifluoromethylstyrenes would be promising building blocks for not only bioactive molecules, but also functionalized materials including polymers. Thus, the oxy-trifluoromethylation products were derivatized to the corresponding CF 3 -styrene products via elimination reaction (Scheme 10). 5e Both basic and acid conditions were available for the reaction. Furthermore, the trifluoromethylation under oxy-trifluoromethylation conditions in the presence of TsOH as an additive was found to give the trifluoromethylated styrenes in a single operation from styrenes. 5f,17 The success of the styrene oxy-trifluoromethylations encouraged us to examine stereoselectivity control, and we focused on oxy-trifluoromethylation of propargylic alcohol via Meyer-Shuster rearrangement (Scheme 11). We found that a CuI/ Re 2 O 7 catalytic system enabled Z-selective CF 3 -enone formation (Scheme 11a). 5g The use of Re 2 O 7 as the co-catalyst was considered to accelerate the migration, affording Z-selectivity under kinetic control. In the same year, Tan and Liu independently reported a similar reaction with CuI alone, in which the E-enone was obtained (Scheme 11b). 16 2.4 Carbo-Trifluoromethylation. 5h5k,1822 A CC bondforming difunctionalization-type trifluoromethylation would be useful to construct other important carbon skeletons. We were interested in an aromatic group on the side chain of alkenes as a nucleophilic substituent, constructing a carbocycle via intramolecular cyclization in the electrophilic trifluoromethylation reaction with 1 (Scheme 12). However, simple alkenes give the allylic trifluoromethylation products, as described above. 5c,10 In 2013, we achieved a selective carbo-trifluoromethylation by careful tuning of the reaction conditions, wherein the combination of CuI as a catalyst and dichloroethane or 1,4-dioxiane as a solvent was the key to efficient formation of various carbocycles bearing a trifluoromethyl group (Table 2) . 5h Importantly, this method is convenient for the construction of benzofused heterocycles. Boc-protected N-arylated alkenyl amines gave tetrahydroquinoline and indoline products as well as carbocycles. Furthermore, when N-arylated acrylamides were employed in the reaction in CH 2 Cl 2 instead of DCE at 40°C, the corresponding CF 3 -containing oxindoles were obtained in up to 97% yield (Scheme 13). 5i, 20 We recently synthesized CF 3 -tetrahydrocarbazoles by carbotrifluoromethylation of indoles bearing an alkene at the C3position in the presence of a catalytic amount of TsOH (Scheme 14). 5j The substrates potentially give not only carbo-, but also aromatic trifluoromethylation products. We found that the site-selectivity of the reactions can be tuned by changing the solvent; CH 2 Cl 2 and THF promoted carbo-and aromatic trifluoromethylation products, respectively. The spectroscopic and computational experiments suggested that the key to the selective formation of the carbo-trifluoromethylation product is SET between 1 and the substrate in CH 2 Cl 2 , generating radical cation and CF 3 radical intermediates. In related work, Wang and Zhang/You reported trifluoromethylations of indoles bearing alkene at the C3-position. 21 Wang developed the CuIcatalyzed carbo-trifluoromethylation of 3-(N-substituted Nmethacryloyl)aminomethylindoles with 1, affording spiro-lactam products. 18ah Zhang and You reported a visiblelight-promoted carbo-trifluoromethylation of 3-(2,2-diethoxycarbonyl-4-pentenyl)-2-indoles possessing an aryl or alkyl group at the C2-position of the indolyl group with Umemoto reagent. These methods did not afford the tetrahydrocarbazoles, but the spiro-indolenines. 21b 
Reaction was conducted in CH 2 Cl 2 at 40°C. b The intramolecular carbo-trifluoromethylations showed that aromatic groups can act as a nucleophilic substituent in difunctionalization-type trifluoromethylations of alkenes. Our interest was next focused on the reactivity of ¡,¡-diaryl allylic alcohols as substrates, anticipating semipinacol-type rearrangement triggered by electrophilic trifluoromethylation. In 2013, Li/Wu, 22a, 22b Tu 22c and our group 5k independently reported trifluoromethylation-initiated 1,2-aryl migration of ¡,¡-diaryl allylic alcohols (Scheme 15). Under our conditions, Fe(OAc) 2 showed higher reactivity than CuI, and the use of K 2 CO 3 as an additive further accelerated the reaction. Table 3 summarizes the scope of our reaction. Notably, the migratory aptitude of each aromatic ring of non-symmetric substrates in the reaction was not consistent with conventional semipinacol rearrangement via the carbocation, suggesting radical character of the intermediate, as in neophyl rearrangement.
2.5 Amino-Trifluoromethylation. 5l,5m,2325 Bioactive molecules, including pharmaceuticals, frequently contain Nheterocycles. 26 Thus, their trifluoromethylated analogues are promising candidates for drug discovery. As summarized above, the intramolecular carbo-trifluoromethylations were extremely useful to construct N-heterocycles from aromatic alkene containing a nitrogen atom on the side-chain. However, the method requires an aromatic group, which restricts the accessible products to aryl-fused heterocycles. Thus, we developed an intramolecular amino-trifluoromethylation via CN bond formation of aminoalkenes with 1 (Scheme 16 and Table 4 ). 5l,5m Our method could provide not only pyrrolidine, but also aziridine products as potential building blocks from pentenylamines and allylamines, respectively. Tan and Liu reported a similar pyrrolidine-forming amino-trifluoromethylation of aminoalkenes with 1 by using CuI as a catalyst. 23a,23j In particular, our conditions for the aziridine-forming reaction do not require any additives, and even 1 mol % of CuI as a catalyst was sufficient to complete the reaction within 15 min in CH 2 Cl 2 . In addition, t-BuOH instead of CH 2 Cl 2 as the solvent was found to alter the product from aziridine to aminoalcohol derivative with an iodobenzoate substituent (Scheme 17a). 5l The aminoalcohol derivatives are presumably formed by ringopening reaction of in-situ-generated aziridine with iodobenzoic acid derived from 1. This reactivity of the aziridine prompted us to examine derivatization of the aziridine (Scheme 17b); various nucleophiles were reacted with the in-situ-formed aziridine in one pot, and carbon, oxygen, nitrogen, and sulfur nucleophiles were introduced into the amine skeleton in the presence of an appropriate Lewis acid catalyst, BF 3 ¢OEt 2 or AgBF 4 . 5l 2.6 Electron-Donor-Induced Trifluoromethylation. 5n,5o,2730 Our mechanistic studies of the CuI-catalyzed amino-trifluoromethylation showed that Cu(II) species, generated in-situ by oxidation of Cu(I) salt with 1, acts as a Lewis acid catalyst, activating 1 (Scheme 18a). 5m The reaction between alkene and 1 in the complex with Cu(II) was identified as the ratedetermining step, even though the mechanism of the following step remained unclear due to the unique properties of hypervalent iodine as an oxidant inducing SET and also as an electrophile inducing polar reaction. 31 There is another approach to activate 1 without Lewis acid catalysts, 32 i.e., the use of an electron donor (ED) to induce fragmentation of 1, generating reactive CF 3 radical (Scheme 18b). The CF 3 radical reacts with alkenes, affording an alkyl radical intermediate, which is intercepted by a radical acceptor (RA) to afford the difunctionalized product. In 2013, Studer's group reported pioneering work on this approach; 27a they developed TEMPONa-promoted oxy-trifluoromethylation with 1. TEMPONa acted as an electron donor for the fragmentation of 1, furnishing the trifluoromethyl group-containing TEMPO adduct as the oxy-trifluoromethylation product (Scheme 19). 27, 28 Our group found conditions for hydro- 33 and iodo-34 trifluoromethylations with 1 using electron donors (Scheme 20). 5n The hydro-trifluoromethylation was promoted by the combination of DMF and an inorganic base, where DMF anion acts as an electron donor to generate the CF 3 radical (Scheme 21a). 35 Hydrogen abstraction with the alkyl radical, formed by the reaction of CF 3 radical and alkene, provides the hydro-trifluoromethylation product. Because the DMF-iodobenzoate adduct was isolated as a by-product, the resulting DMF radical is presumably oxidized by 1, regenerating CF 3 radical and propagating the chain reaction. The iodo-trifluoromethylation was promoted by KI, 30 wherein the counter cation of the iodide salt was important to control the selectivity; when a catalytic amount of tetrabutylammonium iodide (TBAI) instead of KI was used, vinylic trifluoromethylation proceeded (Scheme 20, the bottom arrow). The iodo-trifluoromethylation is triggered by SET between iodide ion and 1, affording CF 3 radical and iodo radical (Scheme 21b). Then, the CF 3 radical adds to alkene, and the resulting alkyl radical is intercepted by the iodo radical. Here, potassium cation derived from KI generates an insoluble salt with the iodobenzoate anion generated from 1 by the fragmentation, suppressing the elimination reaction of the iodo- (a) trifluoromethylation product. On the other hand, the ammonium ion cannot form an insoluble salt, and thus iodobenzoate participates in the elimination reaction, affording the vinylic trifluoromethylation product with recovery of iodide ion. This iodo-trifluoromethylation-mediated method was also applicable to oxazoline-forming trifluoromethylation of allylamides (Scheme 22). 5o Although a few examples of oxazolineforming trifluoromethylations have been reported using various electrophilic trifluoromethylating reagents, 15l,15r,15s the reaction with 1 was unknown. Indeed, our previous conditions for the oxy-trifluoromethylation using the copper catalyst did not work well. We found that KI promoted the oxazoline-forming trifluoromethylation with 1. The reaction showed good functional group compatibility, and late-stage trifluoromethylations successfully afforded telmisartan 36 and lithocolic acid 37 analogues.
Thus, our work on the development of trifluoromethylations with 1 showed that appropriate combinations of 1 and activators such as catalysts or electron donors can greatly improve access to trifluoromethyl group-containing molecules, which are expected to be useful building blocks or novel bioactive molecules.
Reaction Using Fluorine-Containing Acid Anhydrides

Key Findings.
Trifluoromethylation methodology has advanced rapidly with the introduction of sophisticated electrophilic trifluoromethylating reagents such as Togni, 6 Umemoto, 38 and Langlois 39 reagents. As mentioned above, many groups including ours have developed alkene trifluoromethylations accessing various promising molecules, including potential pharmaceuticals. 4 However, these methods have disadvantages for industrial applications: high-cost, limited availability, and safety issues in storing the fluoroalkylating reagents. 40 A user-friendly fluoroalkyl source available in larger amount is required for synthesis of sufficient amount of a building block for further diversification of molecular structures in both academic and industrial research (Figure 2 ). It would also be useful if not only the trifluoromethyl group, but also other fluoroalkyl groups, could be introduced using commercially available fluoroalkyl sources with the same methodology. To address this issue, we envisioned fluoroalkylation using fluorinated acid anhydrides as fluoroalkyl sources. 5p5s,4143 Initially, we speculated that hypervalent iodine bearing a fluorinated acetoxy group might generate fluoroalkyl radical via SET with alkene in the presence of a Cu-catalyst (Scheme 23a). 44 To test this idea, benziodoxolone bearing a trifluoroacetoxy group was prepared in-situ from trifluoroacetic anhydride (TFAA), 2-iodobenzoic acid, and urea¢H 2 O 2 according to Wirth's procedure, 45 and reacted with a simple alkene in the presence of CuI as a catalyst. Indeed, an allylic trifluoromethylation product was obtained, albeit in low yield (Scheme 23b). However, further examination of the reaction conditions revealed that iodobenzoic acid was not necessary, suggesting that diacyl peroxide generated from TFAA and urea¢H 2 O 2 might be the reactive intermediate. 46 On the other hand, the copper catalyst was crucial to control the conversion and selectivity (Scheme 23c). In this context, we focused on a method to control the reactivity of in-situ-generated diacyl peroxide in alkene fluoroalkylations.
3.2 Catalytic Perfluoroalkylations with Acid Anhydrides. Our preliminary results indicated that the copper catalyst plays a key role in selective alkene trifluoroalkylation with TFAA/ urea¢H 2 O 2 . Thus, we screened various transition-metal salts as the catalyst and eventually found that allylic trifluoromethyla- (Table 5) . Notably, commercially available perfluoro acid anhydrides with longer perfluoroalkyl chains (R f = C 2 F 5 and C 3 F 7 ) could be employed instead of TFAA in the reaction. Furthermore, this method showed excellent reactivity in the intramolecular amino-perfluoroalkylation of aminoalkenes (Scheme 24). 5q When N-tosyl allylamine, a commercially available aminoalkene, was reacted with diacyl peroxide pre-pared in situ from 4 equiv of TFAA and 1.2 equiv of urea¢H 2 O 2 in the presence of 10 mol % of [Cu(CH 3 CN) 4 ]PF 6 , the aziridine product was obtained in 91% yield. Our previous conditions for amino-trifluoromethylation of the same substrate with 1 gave slower conversion and lower selectivity, affording 17% yield of the aziridine product even at 40°C for 1 h. Although perfluoroalkylated aziridines are promising building blocks, only a few methods, including our amino-trifluoromethylation with 1, had been available and their scope was limited. The present aminoperfluoroalkylation with acid anhydride/urea¢H 2 O 2 can provide a wide variety of aziridines containing not only a trifluoromethyl group, but also longer perfluoroalkyl groups (Table 6 ). In addition to the aziridines, pyrrolidines and indolines could be synthesized by the reaction of pentenylamines instead of allylamines. Then, with the N-tosyl aziridines in hand as benchstable white solids, we set out to examine their synthetic utility. First, we prepared the aziridine on a gram scale (90% yield, 2.5 g) and then carried out various nucleophilic ring-opening reactions (Scheme 25). Grignard reagents (aryl, alkenyl, and alkyl magnesium halides) reacted with the aziridine without any catalyst, affording the corresponding amines in excellent yields. 47 Indoles, 48 cyanide, 49 benzylamine, 50 phenols, and a thiophenol were installed onto CF 3 -containing amine skeletons under various conditions. Since tryptamines are easily trans- Scheme 24. Amino-trifluoromethylation of N-tosyl allylamine; selectivity and reactivity comparison between TFAA/urea¢H 2 O 2 and Togni reagent 1. formed into biologically active tryptoline indole alkaloids such as tetrahydroharmine 51 and spiroindolone, 52 we were particularly interested in their CF 3 -analogues, which were synthesized by deprotection of Ts group 53 and subsequent Pictet-Spengler reaction with aldehyde and ketones, 52 respectively (Scheme 26).
The use of the copper catalyst enabled efficient allylic and amino-perfluoroalkylations using perfluoro acid anhydride. Our complementary experimental and theoretical mechanistic studies clarified the role of copper catalyst in the aminotrifluoromethylation. 5q A plausible catalytic cycle in the aminotrifluoromethylation of N-tosylallylamine is illustrated in Scheme 27. First, SET between Cu I species and diacyl peroxide prepared from TFAA and urea¢H 2 O 2 occurs, 54 generating Cu II species and CF 3 radical via decarboxylation of the peroxide. The CF 3 radical adds to the substrate, to form the alkyl radical intermediate. Then, SET between Cu II and the alkyl radical forms the carbocation as a meta-stable intermediate leading to the aziridine, and Cu I is simultaneously regenerated. 55 3.3 Metal-Free Perfluoroalkylations with Acid Anhydrides. According to the putative mechanism in Scheme 27, not only (1) generation of fluoroalkyl radical, but also (2) oxidation of the alkyl radical are the key steps to achieve successful reactions. Thus, we envisioned a radical chain reaction approach for a metal-free carbo-perfluoroalkylation by using an alkene bearing a pendant aromatic group (Scheme 28). 5p,5q The reaction is initiated by thermal decomposition of the diacyl peroxide, generating perfluoroalkyl radical. Then an alkyl radical is formed by the reaction of an alkene bearing a pendant aromatic group with the perfluoroalkyl radical. The aromatic group intercepts the radical species, affording a meta-stable cyclohexadienyl radical. Aromatization by oxidation with diacyl peroxide followed by deprotonation gives the carbofluoroalkylation product and regenerates the fluoroalkyl radical. Indeed, the reaction of 5-tolylpentene with TFAA/urea¢H 2 O 2 proceeded smoothly without any catalyst at 40°C for 3 h (Scheme 29). Notably, the same substrate selectively provided the allylic trifluoromethylation product in the presence of the copper catalyst. This divergent synthetic method further increases the range of accessible perfluoroalkyl group-containing molecules. The substrate scope of the carbo-perfluoroalkylation is summarized in Table 7 . Not only simple carbocycles, but also heterocycles such as oxindoles, indolines, hydroisoquinolinones, and benzothiazinane dioxides, bearing a perfluoroalkyl group, were obtained efficiently with this method. As another metal-free approach, we envisioned oxy-and amino-perfluoroalkylation reactions of styrenes (Scheme 30), 5r where the mechanism is analogous to the copper-catalyzed amino-perfluoroalkylation illustrated in Scheme 27 (Scheme 31a). In these reactions, our interest is focused on the redox activity of styrene and its radical cation in difunctionalization-type perfluoroalkylations via the carbocation. More specifically, styrene as an electron donor accelerates the decomposition of the diacyl peroxide by SET, affording the perfluoroalkyl radical and a radical cation. Then, the perfluoroalkyl radical reacts with styrene, affording an alkyl radical intermediate. The alkyl radical is oxidized by the resulting radical cation as an electron acceptor, affording the carbocation as the key intermediate which leads to difunctionalized perfluoroalkylation products. 56 Notably, previously reported metal-free difunctionalization-type perfluoroalkylations generally proceed via interception of the alkyl radical intermediate with radical acceptors without carbocation formation, whereas catalytic reactions usually involve the carbocation species (Scheme 31b). 57 Thus, this method complements the catalytic and metal-free difunctionalization-type perfluoroalkylations enabled by the acid anhydride/urea¢H 2 O 2 reagent system. Table 8 summarizes the substrate scope for the oxy-perfluoroalkylation under optimized conditions, demonstrating that a wide variety of styrene substrates is available. The method is compatible with styrenes bearing electron-withdrawing groups, in contrast to our previous work with 1 ( Table 1 ). In addition, when Ts-protected pentenylamine bearing a styryl group was employed in the reaction, the corresponding perfluoroalkylated pyrrolidine products were obtained efficiently via the carbocation (Scheme 32).
Next, we established the synthetic utility of the oxytrifluoromethylation product possessing a labile trifluoroacetate (Scheme 33). DBU hydrolyzed the acyl group, affording the corresponding alcohol product in quantitative yield. A trifluoromethylated styrene was obtained by elimination with KHMDS. The compound was also a good substrate of acid-catalyzed CC bond formation via nucleophilic addition to the carbocation, and aromatic compounds, 58 allyltrimethylsilane, 59 and ketene silyl acetal could be used as the nucleophilic partner in the presence of TsOH or B(C 6 F 5 ) 3 as the catalyst. 3.4 Chlorodifluoromethylations with Chlorodifluoroacetic Anhydride. Chlorodifluoroacetic anhydride (CDFAA) is an inexpensive, commercially available compound and a potential chlorodifluoromethyl source for chlorodifluoromethylation. Chlorodifluoromethylated compounds can be versatile precursors of difluoromethyl-containing molecules, but synthetic methods have been quite limited. 43c,44,56,60 Thus, we applied the conditions for the allylic trifluoromethylation using TFAA as shown in Table 4 to allylic chlorodifluoromethylation with CDFAA (Scheme 34a). 5s However, in contrast to trifluoromethylation, poor reactivity and selectivity were observed in the chlorodifluoromethylation with CDFAA despite the single atom difference. In contrast to thermally stable CF 3 -peroxide, the corresponding CF 2 Cl-peroxide was found to decompose gradually under these reaction conditions, which makes catalytic control in the reaction quite challenging. After reoptimization of the conditions, we eventually found that the use of Cu(O 2 CCF 3 ) 2 instead of [Cu(CH 3 CN) 4 ]PF 6 , together with a pyridine additive, dramatically improved the yield of the allylic chlorodifluoromethylation product (Scheme 34b).
The substrate scope of the allylic chlorodifluoromethylation is summarized in Table 9 . Various functional groups such as esters, ketone, carboxylic acid, phenyl, hydroxyl, phthalimide, and sulfonamide were tolerated. This method could also be applied to aziridine-forming amino-chlorodifluoromethylation. Furthermore, CDFAA/urea¢H 2 O 2 system was available in metal-free chlorodifluoromethylations, as well as the catalytic reactions (Table 10) . Carbo-chlorodifluoromethylation gave carbo-and heterocycles bearing a CF 2 Cl group. Furthermore, this method was applicable to aromatic chlorodifluoromethylation of N-heteroaryls containing a bioactive scaffold such as indole, caffeine, and deoxy-uridine. 61 These methods enabled us to obtain various CF 2 Cl-containing molecules.
These products could be transformed into useful CF 2containing molecules (Scheme 35). The allylic chlorodifluoromethylation product was converted into cis-gem-difluorodiene via elimination under Zard's conditions, using DBU as a base. 60c The chlorodifluoromethyl group of the aziridine was reduced to a difluoromethyl group with AIBN/Bu 3 SnH. 62a,62b This procedure is useful for the preparation of difluoromethylated compounds because of the low cost of the chemicals used. The chlorine of CF 2 Cl-caffeine was replaced with a TMS group by reaction with Mg and TMSCl, 62c and the product should act as a nucleophilic reagent. These results illustrate the synthetic utility of the products as building blocks.
Conclusion and Outlook
Recent achievements in fluoroalkylation chemistry have dramatically increased the range of available fluoroalkylated molecules, providing useful building blocks for practical applications, including the construction of diversified fluoroalkylated compound libraries. The synthetic methods described in this account should be applicable in diverse research areas, including optimization of existing bioactive compounds and discovery of compounds with novel bioactivities.
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